Fretting is defined as a small oscillatory displacement between two contacting bodies. The interface is damaged by debris generation and its ejection from the contact area. The application of hard coatings is an established solution to protect against fretting wear. For this study the TiN hard coating manufactured by a PVD method has been selected, and tested against a polycrystalline alumina smooth ball. A fretting test programme has been carried out at a frequency of 5 Hz, 100 N normal load, 100 µm displacement amplitude and at five values of relative humidity: 10, 30, 50, 70 and 90% at a temperature of 296 K. The intensity of the wear process is shown to be significantly dependent on the environmental conditions. A dissipated energy approach has been employed in this study to quantify wear rates of the hard coating. The approach predicts wear kinetics under constant medium relative humidity in a stable manner. It has been shown that an increase of relative humidity promotes the formation of hydrate structures at the interface and modifies the third body rheology. This phenomenon has been characterised by the evolution of wear kinetics associated with a significant variation of the corresponding energy wear coefficient. Hence, a 'composite' wear law, integrating the energy wear coefficient as a function of relative humidity, is introduced. It permits a prediction of wear under variable relative humidity conditions from 10 to 90% within a single fretting test. The stability of this approach is demonstrated by comparing various variable relative humidity sequences.
Introduction
The use of hard ceramic coatings can significantly improve the tribological properties of cutting tools and mechanical components [2] on the fretting behaviour of TiN coatings demonstrated that there is a significant modification of the friction behaviour at different RH levels. Low friction, observed at a high relative humidity, independently of the counter-body material (corundum or steel), was inferred again to the formation of TiO 2-x lubricious layers through the interface. It has been established that a high content of moisture in the atmosphere accelerates the reaction between TiN and oxygen during the fretting loadings and favours the formation of TiO 2-x components, which decreases the friction coefficient. Using micro-Raman spectra it has been shown that the coefficient of friction of TiN coatings depends on the structure of the debris, which can either take the form of anatase or rutile structure [2-3]. Additionally, transmission electron microscope investigations indicated that a low coefficient of friction obtained at high RH could be related to the two-phase debris consisting of an amorphous and a nanocrystalline rutile phase. On the other hand, high coefficients of friction, characteristic for low RH conditions, have been related to the absence of nanocrystalline rutile phase [3] . Another study conducted by de Wit et al. [4] on fretting wear of the TiN-corundum system at medium RH revealed an amorphous Ti-O-(N) two-phase debris structure. The characteristic drop of the friction coefficient observed during fretting tests has been attributed to the partial transformation of amorphous debris into a nanocrystalline phase. This transformation is a result of combined effect of relative humidity, energy-input and the continuous oxidation of titanium-oxy-nitride.
The mentioned works consider only the friction and wear behaviours of TiN coatings under constant relative humidity conditions. However, in practice most mechanical systems operate under variable mechanical but also variable environmental conditions. It has been shown by Liskiewicz et al. [5] that the relative humidity in different geographical locations in Europe can vary more than 50% within a two weeks period. Hence, it appears that an adequate evaluation of the tribological behaviour of the mechanical systems requires taking into account variable environmental conditions.
The present work will focus on this peculiar aspect, and will show how a basic energy wear approach can be transposed to capture the wear kinetics under variable relative humidity conditions.
Experimental Section

1 Materials
The TiN coating manufactured by means of classical single source Arc-PVD method has been tested against polycrystalline alumina ball (radius R=12,7 mm). The substrate material is a [1, 8-9] . Moreover, an application of alumina ball allows us to limit a counter-body impact on the complex tribo-system responses under variable RH situations.
The mechanical and surface properties of the studied materials are listed in Table I .
2 Experimental procedure
Tests were carried out using a specific LTDS fretting wear apparatus (Fig. 2) in which an electrodynamic shaker induces the reciprocating movement. A constant 5 Hz frequency has been imposed. The upper specimen (alumina ball) rubbed against the lower fixed flat sample (steel coated with TiN). The normal force was kept constant, while the tangential force and displacement were recorded. A fretting test programme has been carried out applying a constant 100 N normal force of and constant ±100 µm displacement amplitude. This loading promotes systematically gross slip sliding conditions. Considering an homogeneous steel/steel elastic hypothesis, the given contact leads to a maximum Hertzian pressure about 1.13 GPa and a contact radius about 206 µm.
Tests were conducted in a closed chamber in which the relative humidity could be controlled.
The measurement of humidity level has been performed as close as possible to the contact.
Five different RH in the range from 10% (dry air), throughout intermediate 30, 50 and 70% up to 90% (wet air) have been considered in this work. In order to achieve required RH, granulated silica gel or water filled vessels have been adjusted within the chamber. A laboratory fan inducing an intense air circulation inside the chamber has been applied to accelerate the relative humidity transition.
Review of literature shows that probably no attention has been attached to the study under variable humidity conditions. Hence, a new methodology, taking into account the relative humidity variations within a test, has been designed. Dozen experiments under variable RH condition during a single fretting test have been carried out. They can be classified into 4 test configuration illustrated in Figure 3: • type A characterised by RH increasing stepwise;
• type B described by RH decreasing stepwise;
• type C consisting of 2 repeated blocks: higher RH → lower RH;
• type D consisting of 2 repeated blocks: lower RH → higher RH.
Between each humidity transition the fretting tests were suspended for a short time interval (less than 10 minutes) in order to adjust the new RH value. Details of all tests conducted under variable relative humidity conditions are provided in Table II Figure 4 depicts the evolution of the coefficient of friction (COF ( µ )) as a function of the test duration for tests conducted at 10 and 90 % RH at 10k cycles. It can be observed an initial running-in period (first 2500 cycles) followed by steady-state behaviour. This steady-state evolution is related to stabilized wear debris formation and its ejection regime. Values of the average steady-state coefficient of friction dependently on the applied relative humidity are depicted in Table III .
Results
1 Tribology behaviour under constant relative humidity conditions
1. 1 Friction behaviour
1. 2 Wear behaviour
An energy approach has been employed to evaluate the fretting wear resistance of the studied 
The energy wear coefficient appears as a unified factor which allows the characterization of the wear resistance of the tribo-couple independently of the applied loading conditions.
However, as it could be observed in Fig. 6 , it seems to strongly depend on the relative humidity. Figure 7 displays a parabolic increase of the energy wear coefficient as a function of the relative humidity. The less is the value of the relative humidity of the air, the higher is the wear resistance. Above 70% RH threshold, a saturation effect can be observed, which can be associated to almost constant energy wear coefficients. On the contrary to the linear friction dependence, a parabolic evolution of the wear rate can be here deduced. The following formulation allowing its description can be introduced: Table IV .
The evolution of energy wear coefficient with the applied relative humidity supports the idea that modification of the nature and the structure of the third body with the relative humidity will significantly affect the energy balance of the damage phenomenon. Hence, in order to explain such wear rate dependence, it appears essential to probe the third body evolution as a function of the applied relative humidity.
1. 3 Analysis of the wear debris structure
As previously mentioned in the introduction, numerous studies have outlined the relative humidity effect on the third body nature and consequently on the friction and wear responses.
Basic SEM observations of the wear debris show that dry atmosphere promotes powder structures whereas moist atmosphere activates the formation of large glazed plates of the debris (Fig. 8) . The latter one is more compliant and better maintained through the interface.
These agglomerated structures act as lubricious layers adhering both on the ball and the plane surfaces. One explanation of this evolution could be related to the linking of oxides (TiO 2 ) with water molecules and the formation of adherent hydrate structures. To investigate such aspect, EDX analyses of the wear debris have been carried out. It has been shown that titanium (Ti), oxygen (O) and nitrogen (N) elements are present in all wear debris (Fig. 9 ).
However, some differences have been found depending on the relative humidity. It can be observed that the amount of oxygen in the wear debris generated under moist conditions (90% 
RH) is higher than under dry air (10% RH
)
2 Tribology behaviour under variable relative humidity conditions
Based on the previous analysis, the contact behaviour under complex and variable relative humidity conditions (A, B, C and D test types as defined in Figure 3 ) will be investigated. evolutions can be observed depending on the imposed ambient sequences. Hence, the smooth decrease of the friction coefficient within a sequence at 90% RH for the test D1 can be related to a 'friction memory effect'. Indeed, a given time is required before the formation of a low friction layer takes place. The enriched in oxygen lubricious layer is progressively activated by the moist air. It may be assumed that after a longer time period a stable condition is reached equivalent to a constant humidity value. This aspect requires more in-depth experimental validations where longer step, within the level of 90% RH, must be carried out.
2. 1 Friction Behaviour
Regarding the C1 test, an increase of the COF for each increment of 10% RH is observed.
Such behaviour can be explained by a mutual interaction of a higher amount of the debris transferred on to the ball surface during the former step at 90% RH [5] and the debris depletion in oxygen after the transition to a dry environment. Hence, one hypothesis is that after decreasing the relative humidity the debris instead of acting as a lubricious layer, adheres on to the ball surface and operates like abrasive and promotes a friction forces increase.
Evolutions of coefficients of friction for tests A1 and B1 can be accounted for based on the formulated above deduction concerning tests C1 and D1.
More in-depth investigations, which cannot be performed through the global overview of this work, are indeed required to interpret and quantify the interface evolutions induced by the humidity variations and to better formalize the dry to wet and reverse wet to dry transitions.
Finally, by considering a regular evolution of the steady-state coefficient of friction, an average formulation involving the RH fluctuation ( Experimental and theoretical values of average steady-state coefficient of friction for the fretting tests under variable relative humidity conditions are compiled in Table V .
2. 3 Wear behaviour
It has been shown that the prediction of wear kinetic based on a single energy wear coefficient is stable only for a narrow interval of the relative humidity. With exception of some stabilized domain observed for RH values greater than 70%, a specific energy wear coefficient corresponding to each relative humidity interval has to be considered. Therefore, it is necessary to put forward the question: how to quantify the fretting wear kinetics under (Fig. 3) , to the predicted wear volumes (V th. ) extrapolated from the proposed 'composite' wear formulation (eq. 7). An optimal prediction is achieved when the theoretical wear volumes are identical to the experimental ones. As it is illustrated in the Figure 14 a rather good correlation can be observed. A linear fitting for the points using the sum of the least squares has been performed and compared with the assumed perfect predictions. It turns out that the introduced 'composite' wear law depicts a rather high convergence (0.98) with the experimental results. Such a linear regression displays also a high stability (R 2 =0.86) and a rather low dispersion (<25%).
Experimental and theoretical values of wear volume for the fretting tests under variable
relative humidity conditions are provided in Table V .
Therefore, it can be concluded that in spite of the simplicity, the proposed linear 'composite'
energy wear formulation provides a good prediction of the wear behaviour under variable and complex relative humidity conditions. It again supports the additive properties of the considered energy wear concept.
Discussion and conclusions
The results show that the relative humidity affects significantly the friction behaviour The expected tribological behaviour, for which an increase of the friction force leads to an increase of the wear rate, has not been confirmed in the work. This unexpected result suggests that not only the mechanical damage is involved in the overall fretting degradation process of the coating and a tribochemical aspect must be considered as well. Hence, it can be assumed that even if the shear stress intensity is reduced under moist conditions, an increase of humidity will favour the tribo-oxidation of TiN coating and finally increase the energy wear rate. A second hypothesis, developed by Liskiewicz et al. [5] , suggests that an increase of the relative humidity value favours characteristic W-shape wear scar geometry (Fig. 15 ), due to a specific adhesion of the third body layer on to the alumina counter-body. Such interface morphology tends to concentrate the loadings on the external part of the contact promoting higher shear stress discontinuity. Such highest local stress loadings are then assumed to increase the wear kinetics.
Wear results under constant relative humidity conditions depicts a significant dependence of the energy wear coefficient with the applied relative humidity. A parabolic increase of the energy wear rate with the relative humidity has been found and formalized. Such a result seems to contradict the previous outcomes obtained by Celis et al. [6] . In their work, the authors have suggested a single and unique energy wear coefficient to describe the overall wear behaviour independently of the relevant relative humidity. However, it should be noticed that those results have been obtained for the significantly lower normal load of 1 N and a very small contact area. It has been shown that relative humidity mainly impacts on the third body nature and rheology. The larger is the contact area, the higher amount of the third body will be trapped through the interface consequently of the relative humidity dependence. It could therefore be explained such apparent disagreement by considering a contact size effect. Such an interesting conclusion suggests introducing and developing size effect investigations to better formalize tribology phenomena.
The results presented in this work show that the humidity interacts both on the friction and the wear mechanism. The friction analysis under variable relative humidity conditions outlines complex third body transitions, which requires specific attentions to be fully understood and quantified. As it turned out the introduced 'composite' formulation does not allow an accurate prediction of the average steady-state coefficient of friction under variable relative humidity conditions. Basically, most points in Fig. 13 lie above straight dashed line, displaying optimal prediction, what is close related to the 'friction memory effect' as well as the complex third body transfer occurring after each RH transition.
Regarding wear, it turns out that the energy approach based on a single energy wear coefficient is stable only for constant RH conditions. It cannot be extrapolated for variable RH conditions, as it does not take into account the variation of the tribochemical response of the system. In order to evaluate the wear response of the TiN coating under variable relative humidity, a simple 'composite' wear law, integrating the energy wear coefficient as a function of the relative humidity, has been introduced. Based on a plain linear description, it permits a prediction, with a rather good precision, the wear of the TiN coating under variable relative humidity varying from 10 to 90%. It seems that basic formalism may be a promising tool to assess the wear responses under variable environmental conditions. To extend the given description it is necessary to undertake investigations for the other tribo-systems including, for example, an adhesive steel-steel tribo-couple. 
